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ABSTRACT 

In 1989, the Texas Alliance for Science, Technology, 
and Mathematics Education began placing teachers at industry sites as 
part of its Texas Teacher Internship Program (TTIP). TTIP is a 
competitive program for science, technology, and mathematics teachers 
who serve as summer interns at industry and university sites in order 
to experience real-world applications of the subjects they teach. In 
1996, a total of 12 teachers interned at seven sites and were 
required to develop a curriculum implementation plan (CIP) which 
illustrated how they would translate the summer experience into the 
subsequent year's classroom curricula. This document is a compilation 
of the curriculum implementation plans developed by the teachers. 
Topics include measurement errors, physical s ci ence/envi ronmental 
science, composite science, biology, chemistry, ecology, technology, 
astronomy, geology, life science, mathematics, and endocrinology. 
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About the Alliance 



The Texas Alliance for Science, Technology and Mathematics Education is a statewide, nonprofit organization whose 
membership includes representatives from K- 1 2 schools, colleges and universities, businesses and industry , professional and 
civic organizations, and government agencies. By fostering partnerships between schools and the private sector, the Texas 
Alliance works to: 



■ improve student literacy and competency in science, mathematics and technology education; and 

■ assist teachers in developing curricula with emphasis on "real world" applications and problem-solving skills. 

For membership and educational program information, contact: 

Texas Alliance for Science, Technology & Mathematics Education 
Texas A&M University 
EDCI, College of Education 
College Station, Texas 77843-4232 
PH: 409/845-0825 FAX: 409/845-9663 

Dr. Robert K. James, Director 
Maureen Stewart, Development Coordinator 
Brian Walenta, TTIP and Symposium Coordinator 
Dwight Bohlmeyer, BTEP Coordinator 
Jeannine Kantz, BTEP Coordinator 
Craig Wilson, First STEP Coordinator 
Debbie Jensen, TENET Project 
Kristin Hamm, SALISH Project 
Kay Labuda, SALISH Project 



The Texas Teacher Internship Program is a project of the Texas Alliance for Science, Technology 
and Mathematics Education, under the direction of Dr. Robert K. James, EDCI, College of Educa- 
tion, Texas A&M University, College Station, TX 77843-4232. 

Funding for the project is provided by the participating industries. Publication of the curriculum 
plans for 1996 was provided by Texas Utilities Electric located in Dallas, Texas. 





TTIP Program Mission 

In 1989, the Texas Alliance for Science, Technology and Mathematics Education began placing teachers 

at industry sites as part of its now-successful program, the Texas Teacher Internship Program (TTIP 

formerly Teacher-In-Industry). In the seven years of the program, the numbers of both teacher 
participants and internship sponsors have increased steadily. Since its inception, over 150 teachers have 
interned at 45 company, university and government agency sites. With each teacher affecting an average 
of 150 students per year, over 72,000 Texas students have been directly impacted by TTIP to date. 

TTIP is a competitive program for science, technology and mathematics teachers who serve as summer 
interns at industry and university sites in order to experience "real world" applications of the subjects they 
teach. Teacher interns are mentored by a scientist or engineer, and work on a project(s) for an 8 week 
internship period. 

The objectives of the program are to: 

♦ Provide teachers with relevant, timely information about science, technology and mathematics 
applications so they can better prepare students for the future. 

♦ Establish interactive partnerships between industry and teachers — sharing resources and 
curriculum improvements, and strengthening state and community networks throughout the 
educational system. 

♦ Increase teachers’ awareness of industry expectations and career opportunities to better inform 
and motivate students regarding careers in science, technology, and mathematics. 

In 1996, a total of 12 teachers interned at seven sites. Each teacher was required to develop a curriculum 
implementation plan (CIP) which was to illustrate how they would translate the summer experience into 
the subsequent year's classroom curricula. The Alliance staff provided teachers with suggestions for 
developing the CIPs during site visits. 

We are pleased with the success of the 1 996 program and hope that you find the CIPs helpful in planning 
new activities for your students. 

For more information on the Texas Teacher Internship Program, please write or call: 

Brian T. Walenta, TTIP Coordinator 
or 

Robert K. James, Director 
c/o Texas Alliance 
EDCI, College of Education 
Texas A&M University 
College Station, TX 77843-4232 
PH: 409/845-0825 FAX: 409/845-9663 
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CURRICULUM IMPLEMENTATION PLAN 
MEASUREMENT ERRORS 



Ann T. Kelley 

Exxon Chemical Americas, Baytown, Texas 
Stephen F. Austin Senior H.S., Houston, TX 



ESL Physical Science, Grades 9 through 12 

(1) "THE LENGTH OF A PESTLE: A Class Exercise 

in Measurement and Statistical Analysis" 

(2) "A SIMPLE BUT EFFECTIVE DEMONSTRATION FOR 

ILLUSTRATING SIGNIFICANT FIGURE RULES WHEN 
MAKING MEASUREMENTS AND DOING CALCULATIONS" 

(3) "MORE ON THE QUESTION OF SIGNIFICANT 

FIGURES" 

(4) "MEASURING WITH A PURPOSE: Involving 

Students in the Learning Process" 

(5) "A SIMPLE LABORATORY EXPERIMENT USING 

POPCORN TO ILLUSTRATE MEASUREMENT ERRORS" 

(6) "INTRODUCTORY LABORATORY EXERCISES" 

(7) "A PAPER VERNIER SCALE FOR VARIOUS 

LABORATORY EQUIPMENT" 

(8) "TEACHING DILUTIONS" 

(9) "SIGNIFICANT FIGURES" 



To provide chemistry teachers with interesting 
activities for teaching correct measuring 
techniques, and to impress on chemistry students 
an awareness of the importance of minimizing 
measurement errors 
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SUMMARY: 
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If the amount of something is not known (only 
that SOME is present) it is hard to judge the 
significance of the result. 

Even where a qualitative answer is required, 
quantitative methods are used to obtain it. 

Errors that occur in quantitative studies are 
extremely important. NO QUANTITATIVE RESULTS 
ARE OF ANY VALUE UNLESS THEY ARE ACCOMPANIED 
BY SOME ESTIMATE OF THE ERRORS INHERENT IN THEM. 

A knowledge of experimental errors is crucial to 
the proper interpretation of the results. This 
involves a comparison of the experimental value 
with an assumed or reference value. 

Problems arise in the comparison of two (or more) 
sets of results. 

In order to minimize errors, one must ask the 
following questions: 

Are the two average values significantly 
different, or are they indistinguishable 
within the limits of experimental error? 

Is one method significantly less error-prone 
than the other? 

Which of the mean values is actually closer 
to the truth? 

Many analyses are based on graphical methods. 
Instead of making repeated measurements on the 
same sample, a series of measurements on a small 
group of standards which have known concentrations 
covering a considerable range can be made. In 
this way a calibration curve can be set up that 
can be used to estimate the concentrations of test 
samples studied by the same procedure. 

NOTE: In practice, however, all the measurements 

subject to error. 
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TERMINOLOGY 

GROSS ERRORS: these are so serious that there is no real alternative to 
abandoning the experiment and making a fresh start 
Examples: bad reagent; contamination; instrument breakdown. 

RANDOM ERRORS: individual results fall on both sides of the average value. 
Consequence: these affect the PRECISION, or REPRODUCIBILITY of an 
experiment 

SYSTEMATIC ERRORS: all results are in error in the same sense 
Consequence: these affect the ACCURACY of an experiment 

REPRODUCIBILITY: "between-run* precision (different conditions, different 
reagents, different times). 

REPEATABILITY: "within-run" precision (same equipment, same reagents, same 
circumstances; done in a short time span). 

Note: WEIGHING PROCEDURES are normally associated with very small 

RANDOM errors (when using a “four-place* balance, but with 
appreciable SYSTEMATIC errors (moisture on vessel surfaces; 
failure to cool heated vessels to the temperature of the balance; 
damaged weights; buoyancy effect of the atmosphere). 

VOLUMETRIC procedures incorporate several sources of 
SYSTEMATIC error drainage (pipettes and burettes); calibration 
(volumetric equipment is usually calibrated at 20 degrees Celsius, 
but laboratory temperatures may vary); ‘indicator errors* (some 
indicators change colors over a pH range); ‘last-drop* errors (it is 
not known how much of the last drop added in a titration is actually 
needed to reach the end point). 



Table 1.2 — Summary of definitions 



Types of error 

Random 


Systematic 


Affect precision 


Affect accuracy 


Within-run precision is repeatability 


Proximity to the truth 


Between-run precision is reproducibility 




Also known as indeterminate errors 


Also known as determinate errors 
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COLLABORATIVE TRIALS: in many such trials involving different laboratories, 
results of experiments conducted under meticulous conditions, using the 
experimental procedures and the same types of instrument, the variation in 
the results often greatly exceeds that which could be reasonable expected 
from random errors. 

Consequence: many studies of the methodology of collaborative trials, and 
of the statistical evaluation of their results. 

CHEMOMETR1CS: the application of mathematical methods to the solution of 
chemical problems of all types. 
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result 
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Fig. 1.1 — Accuracy and precision — graphical representation of the data in Table 1.1. In (a) 
the data are precise but inaccurate, in (b) accurate but imprecise, in (c) inaccurate and 
imprecise, and in (d) accurate and precise. 



0 

ERIC 



BEST COPY AVAILABLE 

13 



KELLEY 6 



The Length of a Pestle 

A Class Exercise in Measurement and Statistical Analysis 

James E. O’Reilly 

University of Kentucky, Lexington, KY 40506 



At any number of points in chemistry and science curricu- 
la, students come into formal contact with the principles of 
measurements and the statistical analysis of data. In begin- 
ning courses, this may entail discussion of significant figures 
and calculating an average value and its associated standard 
deviation. Later on, the propagation of error and various 
techniques of hypothesis testing may be covered. 

Unfortunately, far too many students seem to get through 
chemistry courses without acquiring a basic unders t a n di n g 
and appreciation of the concepts of measurement science — 
just what a measured number means, and how good it is. 
Statistics seems to be a set of theoretical constructs that has 
no relation to what one does in the laboratory. Where have 
we erred? 

Very few class or laboratory exercises have been described 
in THIS JOURNAL in which measurement error was the focus 
(1-4). It is the purpose of this report to outline an extremely 
simple class exercise — measuring the length of an object — as 
a concrete paradigm of the entire process of making chemi- 
cal measurements and treating data therefrom. This exer- 
cise strives for relevance by giving every student a stake in 
the data. It is much more interesting to collect and analyze 
one’s own data. The measurements are so simple that stu- 
dents do not get lost in what is being done; yet there are 
enough subtleties to intrigue even the most advanced stu- 
dents, if appropriately presented. A number of very basic 
and some very subtle points can be illustrated in a concrete 
manner and, presumably, driven home with a degree of final- 
ity. The creative instructor can adapt this exercise to fit the 
level of the students involved and the statistical topics dis- 
cussed in a particular course. 
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Procedure 

The equipment to conduct the exercise was provided in a 
common area: a standard agate pestle about 6 cm in length, 
an ordinary wooden meter stick, a finely scribed 15-cm stain- 
less-steel ruler, and a stainless-steel vernier caliper. Only 
one of each was provided, so all students used exactly the 
same equipment. In order to standardize the measurement 
protocol, students were instructed to measure the length of 
the pestle once with the Meter stick, then with the Ruler, 
and finally with the Caliper; this procedure was to be repeat- 
ed for the required number of replicates, 10 in our case. 
Students were told that, if they discovered an error in an 
earlier measurement during the process, not to change the 
value or replace it with an additional measurement. There 
was a valuable point to even grossly erroneous measure- 
ments in this exercise. (Care was taken not to embarrass 
these students later.) Thus, each student performed exactly 
30 measurements in the sequence M -** R -** C-** M * R. . . 

Each student was provided a columnar data sheet on 
which to record results. Columns were headed Meter, Ruler, 
and Caliper left to right; and replicates were listed vertically 
to reinforce the order of the experiments. In an effort to 
minim ise human bias, students were asked to do their best to 
“forget” earlier results, and data sheets were returned im- 
mediately to the instructor. 

The data were compiled by the instructor and entered 
jo a microcomputer using a data-base -management and a 



Length o< an Agate Pestle (cm) fl 



Irwtnment 


Analyst 


1 


Replicate Number 
2 3 4 


5 


6 


Meter Stick 


1 


6.0 


5.95 


6.0 


5.90 


6.0 


— 1 

6.0 


, 


2 


6.0 


6.0 


6.0 


6.0 


6.0 


6.0 




3 


5.7 


5.7 


5.6 


5.7 


5.7 


5.7 




4 


5.95 


6.00 


6.00 


6.05 


6.00 


5.9 J 




5 


5.9 


6 


6 


6.1 


6.1 


6.2 




6 


6.0 


5.9 


6.0 


6.1 


6.0 


6.0 




7 


6.0 


6.1 


6.0 


5.9 


6.0 


5.9 


Steel Ruler 


1 


5.9 


5.95 


5.95 


5.95 


5.90 


5.9$ 




2 


6.98 


6.95 


6.00 


6.05 


6.03 


6.04 




3 


5.7 


5.7 


5.7 


5.8 


5.7 


5.7 




4 


6.00 


5.95 


5.99 


5.98 


6.01 


6.02 




5 


6 


6 


6.1 


6.1 


6.1 


6.05 




6 


6.1 


6.0 


6.0 


6.0 


6.0 


6.0 




7 


5.9 


5.9 


6.1 


6.0 


5.9 


5.9 


Vernier Caliper 


1 


6.02 


6.03 


6.02 


6.03 


6.03 


6.02 




2 


6.02 


6.02 


6.02 


6.02 


6.02 


6.02 




3 


6.3 


6.3 


6.2 


6.2 


6.2 


6.2 




4 


6.02 


6.02 


6.01 


6.03 


6.00 


6.00 




5 


6.01 


6.02 


6.02 


6.02 


6.02 


6.02 




6 


6.3 


6.2 


6.2 


6.3 


6.02 


6.03 




7 


6.020 


6.02 


6.02 


6.02 


6.02 


6.02 



* Tha values are a selected subset of 1 60 data taken try 1 6 analysts. 1 0 reoltcatas sad 



statistics program to facilitate data treatment. Each student 
was provided a printout of the class results, along with i 
notation of which numbered analyst he was. The student! 
were asked to perform certain calculations and statistical 
tests as topics were discussed ( mean, pooled variance, F- and 
t-tests, analysis of variance). Printouts were revised ad 
redistributed so students could check their results. 

A subset of results from one class, a beginning graduate- 
level class in “advanced analytical chemistry”, is present* 
in the table, exactly as transcribed from students’ date 
sheets. 



Significant Figures and Measurement Error 

Even a casual inspection of the data reveals one distress* 
ing point: Even with chemistry graduate students, the cod 
cept of significant figures is not universally understood ^ 
the point of routine and automatic application to a set ® 
measurements. Consider Analyst 5, for example. It seen* 
apparent he had decided the length measured by the mete 1 
stick could be reported each time to no better than 0.1 c® 
the steel ruler to 0.05 cm, the caliper to 0.01 cm. Certain 
reasonable. However, the point that reporting a ”6” & J 
measured quantity is not the same as reporting a “6.( ” b* 
not been effectively mastered. 

Exactly how finely measurements could be made was 
point of some class discussion. The majority of one partly 
----- wit* 



lar class , for example, initially felt that measurements 



the meter stick and the ruler could be made to only 0.05 ^ 
This was evident on classifying the data and plotting ^ 
histogram: a marked bimodal distribution with maxima * 
6.00 and 6.05 cm. 
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Some thought went into selection of the pestle as the 

asurement object. It was a single object, thus there was no 
^ufal variation among units such as the weights of a series 
D ?nennies. Given the precision of the measurements, there 

* ? also no natural variation in the length as is encountered, 

* example, in the diameter of an ordinary marble (1). The 
°rors encountered in this exercise all can be ascribed to the 

rurai imprecision of the measurement tools themselves 
the analysts’ use of the devices. The meter stick, for 
^axnple, happened to have an additional millimeter or so of 
! jqqA beyond the zero mark, thus complicating measure- 

\ QjgQtS. 

On the other hand, the pestle was perhaps fortuitously 
chosen. One end was rounded, and it was tapered: thus the 
length could not be properly measured by simply laying it 
flat on the ruler or meter stick. The end of the steel ruler was 
flush with its zero mark, and the pestle was flat on one end 
(most pestles are rounded on both ends). Thus the more 
creati'. quickly saw they could stand the pestle on a flat 
bench top or table, put the ruler behind it, and measure the 
j en gth fairly precisely by sighting across the top of the pes- 
tle, much as a buret is read. 

The point of analogy in all this is that in an analytical 
chemical measurement there are also often several tools 
(methods) applicable to the problem at hand. Some are 
'better than others. Each needs to be used properly, and has 
its own set of inherent limitations. Any method, no matter 
how simple it may seem, can be creatively applied in a par- 
‘ ticular situation. 



* Spurious Data and Rejection of Results 

Even for a process as straightforward as measuring the 
\ length of an object, about 4% of the total data reported (16 

■ itudents by 10 replicates each) was clearly spurious. Most of 
f' these arose from transcription errors or misreading of the 
[.wilier caliper, a not-uncommon difficulty (5). See, for ex- 
dimple, Analyst 2 using the Ruler, Analysts 3 and 6 using the 

• Caliper. If the more or less typical practice of doing only 

■ three replicates on an unknown were to have been followed, 

; the freouency of spurious results rose to about 6%. 

j* Whiir in this instance students generally became aware of 
$.*wrong values quickly and would not have reported them if 
fnot constrained to do so, this is clearly not the case in most 
[chemical measurements. Without proper attention to the 
j details of the entire measurement process, and careful data 
^’analysis, “erroneous” results are seldom apparent. More- 
lover, the clearly spurious results in our class exercise are - : 
; obvious primarily because there were three 16 X 10 grids of 
^values of the same measured quantity. Seldom, in real life, 
does an analyst have such a cornucopia of data. This is a very 
‘ important point for students who may soon be required to 
1 judge : .;e reliability of data and make decisions based on 
j data supplied by others, as in the case of a laboratory super- 
f .visor. If nothing else, this class exercise should serve to instill 
Improper suspicion of anyone's data, including one’s own. 

F Appropriate statistic^ tests (Q-test, 3cr criteria, etc.) can 
[.be used to reject spurious data individually, or ail the results 
^from a particular analyst by comparing analyst means. For 
; «*ample. the caliper measurements of Analysts 3 and 6 could 
> be rejected with high confidence when ail 160 data are con- 
I*idered. Moreover, the measurement process here is so 
1 .Jkaightforward that most of the spurious results can be 
t^corre- ted” with a fairly high degree of confidence. For ex- 
ample, reported values of 6.3 and 6.2 cm clearly arise from 
misreading of the vernier and are really supposed to be 6.03 
mid 6.02 cm. With reasonable confidence, therefore, these 
*kta can be corrected and a symmetrical grid (no empty 
^ Us) of data preserved to facilitate later statistical calcula- 
tions and testing. It is important to stress, however, that in 
vast majority of all chemical measurements such “cor- 



ftnion” 



is no. 
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and are assumed to be correct unless rejectable by some valid 
statistical process. It is seldom possible to figure out what 
went wrong once results have left the hands of the original 
analyst. 

Precision and Accuracy 

Each student can calculate his or her own mean and stan- 
dard deviation for each of the three tools, and compare these 
to the appropriate class values using t- and F-test proce- 
dures. Class mean and median values, pooled standard devi- 
ations, etc., can be calculated using all the data and, after 
rejecting or “correcting” outliers, compared. Does one tool 
yield significantly more precise or accurate results? Most 
beginning students would assume the mean of the vernier- 
caliper measurements, which is much more precise (in our 
case, s p = ±0.006 cm with outliers rejected), automatically 
implies the highest degree of accuracy. This is a good time to 
point out that, barring suitable calibration, the average from 
• the vernier caliper may well be no closer to the “true value” 
of the length than that using the meter stick. 

Provided with a complete listing of all students’ standard 
deviations, for example, it can now be made very clear and 
concrete how a pooled standard deviation is a better approx- 
imator of the true variation to be expected for the measure- 
ment method. Standard deviations with the steel ruler, for 
example, ranged from ±0.015 to ±0.075 cm, a difference 
factor of 5. The class pooled standard deviation was ±0.040 
cm. What is the “best” estimate to be expected for the 
typical person performing this measurement? Additionally, 
the coarseness of the scale readability of the caliper (0.01 
cm) was larger than the repeatability of some students’ mea- 
surements, leading to an erroneous precision estimate. An 
average of 6.02 ± 0.00 cm cannot indicate a total absence of 
error, and complicates later statistical evaluation, A mea- 
sured value without some estimate of its uncertainty is 
meaningless. 

It is embarrassing for any scientist to be confronted with 
evidence of personal bias or “operator error” in a measure- 
ment. Consider the meter-stick results for Analysts 2 and 3. 
One consistently measured 6.0 cm, the other 5.7 cm: for 10 
replicates each, 6.0 ± 0.0 and 5.69 ± 0.03 cm. Clearly a 
systematic difference exists. Additionally, as discussion and 
the statistics indicated that the meter stick could really 
estimate the length to no better than perhaps 0.05 cm per 
reading, both standard deviations are suspect. 

Advanced Concepts 

Depending on the class goals, various advanced statistical 
concepts can be discussed. For example, we performed vari- 
ous ANOVA calculations on the data. It was very interesting, 
and quite sobering, to see the degree of analyst-to-analyst 
variation in a task as simple as length measurement: With 
the meter stick and steel ruler, the calculated F-ratios were 
about 40 for, in our case. 144 and 15 degrees of freedom — a 
vanishingly small probability that there were not significant 
systematic differences among analysts. It should be pointed 
out that, for proper hypothesis testing, the order of the 
measurements should have been randomized. In this exer- 
cise, they were not. Another interesting result was that the 
variances in length using the vernier caliper were so small 
that calculator (6) and computer round-off errors would 
often produce a spurious F-value. 

Students can be asked to use x- square procedures to see if 
the readings follow a Gaussian distribution (no), or exhibit a 
number bias in the terminal digit (yes) (4,7,8), or to apply 
the Youden sum-rank test, the Dixon test, or some other 
sophisticated test to reject outliers. 

Student Response 

Overall student response to this exercise was quite posi- 
tive. The data were “real”, not just some numbers in a 
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textbook problem, and taking the data required only about 
15 min per student. Students particularly liked having one 
set of data on which to apply many statistical processes. The 
major complaint was that, with the large number of data 
available, the calculations sometimes became quite tedious. 
The exercise is best suited to a small group of students; in a 
larger class, it would be best to divide the students into 
groups, decrease the number of replicate measurements, 
and/or take a subset of the results for discussion. 



CAI Lab on Measurement and Error for High 
School Chemistry 

Patrick Lang 

Bristol Central High School 
Bristol, CT 06010 

In the lab, students gather the data needed to find volume 
and density of a wooden block along with the volume and 
density of the water that fills a beaker. A meter stick is used 
to measure the block’s length, width, and thickness. Since the 
block is not a perfect rectangular solid, each of the three di- 
mensions is measured in more than one place on the block. An 
average is then calculated for each dimension. A vernier cal- 
iper is used to measure the inside diameter and height of the 
empty beaker. Again, both the diameter and height are mea- 
sured in more than one place on the beaker and an average for 
each is calculated. Also the mass of the empty beaker, the mass 
of the beaker full of water, and the mass of the block are de- 
termined on a balance. 

Students type their lab data for the block into the computer 
program. The program displays and explains each calculation 
with the students’ data as it shows how to calculate the volume 
and density of the wooden block, keeping track of the uncer- 
tainty. Then, as an assignment, the student must calculate the 
volume and density of the water contained in the beaker, also 
keeping track of the uncertainty. Instantaneous printout of 
the calculations upon input of the data allows a maximum of 
20 high school students working in pairs to take all the mea- 
surements and see all the calculations on their block mea- 
surements in one 42-min lab period. 

Deviations in the measurement result from the irregularities 
in the block, which is rough-cut from a two-by-four, and be- 
cause the measurement is precise only to two decimal places. 
In order to adjust for the deviation, the length, width, and 
thickness are each measured in four different places on the 
block. If measured properly, rarely are two measurements of 
the same dimension equal. The four lengths, four widths, and 
four thicknesses are entered into the computer which then 
displays for each dimension the calculation of the mean, the 
absolute deviation from the mean, and the mean deviation. 
Also displayed are the calculations for maximum, minimum, 
mean, and deviation from the mean of volume and density. 
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The magnitude of the length, width, thickness, volume, and 
density is the mean value for each. The uncertainty in each 
value is expressed as + or — the mean deviation and can be 
observed to increase as calculations are done. This magnifi- 
cation that occurs as successive calculations are carried out 
leads to a discussion of the rules for significant figures to be 
used during the rest of the course. 

The diameter and height of a 250-ml beaker are measured 
four times each. Then the mass of the beaker both empty and 
f ull of water is determined. As an assignment, the student 
must do the same calculations for the water as the computer 
did lor tne block. 

This lab has been used as the introductory lab for the past 
11 years in a high school chemistry course. For the past three 
years the lab has utilized the computer to help the students 
perform the calculations. In the past the students did not 
finish the calculations in one lab period, and in many cases, 
experienced difficulty. Only one or two students could receive 
individual help from the teacher as they did their calculations. 
Since the CAI was introduced, there has been an improvement 
in the write-up of labs as well as the performance on the first 
test on measurement and error. 

The program is written in BASIC for a 16K TRS-80 but can 
be easily adapted for use on any microcomputer program- 
mable in BASIC language. Copies of the program listing, 
sample data, sample execution, and the lab procedure are 
available from the author for a $5.00 postage and handling fee. 
If a cassette tape to run on a TRS-80 is desired instead of the 
listing, send $10.00. Please make the check payable to the 
author. 
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A Simple but Effective Demonstration for Illustrating Significant Figure 
Rules When Making Measurements and Doing Calculations 



Arden P. Zlpp 

SUNY-Cortland, Cortland, NY 1 3045 

Beginning students in chemistry frequently have diffi- 
culty with the mathematical aspects of the subject. These 
include (but are not limited to) recognizing the errors in- 
herent in experimental measurements (2) and making 
proper use of significant figures ( 2 ). Students can be sur- 
prised and confused when different arithmetical opera- 
tions are performed on experimental data, because the 
rules change when changing from addition or subtraction 
to multiplication or division. The following is a simple way 
to illustrate several aspects of these rules. 

Making Measurements 

Take three containers that can be read to different de- 
grees of precision, e.g., an 800-mL beaker (±20 mL) a 250- 
mL graduated cylinder (±1 mL), and a 10-mL graduated 
cylinder (±0.02 mL). Fill each about half full with water. 
Have two (or more) students measure and record the vol- 
ume in each cylinder independently. Have them describe 
how they obtained their values, including the number of 
decimal places each value should have, i.e., how they fixed 
the level of uncer tain ty in each measurement. Note how 
the difference in marking precision influences the uncer- 
tainty; that is, the person making the measurement deter- 
mines to what precision the measurement can be made 
and, thus, fixes the uncertainty (which is always in the last 
decimal place of the measurement). 

Demonstrate how to calculate the mean value in each 
cylinder from the measured values and explain that the 
uncertainty in it would be the absolute difference between 
the mean and the measured values. Comment on the rea- 
sons for making several measurements rather than one or 
two and demonstrate by having several people measure 
the volume in one of the cylinders and compute the mean. 
(The concept of standard deviation may be introduced at 
this time if desired.) 

Subtraction of Measurements 

Pour some water out of the larger cylinder and have two 
students record the volume of water left, noting that the 
uncertainty in this reading is the same as that in the orig- 
inal volume reading using this cylinder. By subtracting, 
determine the volume of water poured out. Show (by using 
the percentage uncertainties or the maximum-minimum 
Method) that the uncertainty in the final volume doubles. 
That is. manipulation of measurements always increases 
the degree of uncertainty in the result. 



Addition of Measurements 

Add the measurements of the water in the 250-mL and 
the 10-mL cylinders, illustrating the limitations of adding 
uncertainties in different decimal places. 

Pour the water in the 10-mL cylinder into the 250-mL 
cylinder. Record the total, including its uncertainty. Com- 
pare the measured value with the calculated one. Ask stu- 
dents which one is “right". Pour the water from the 250-mL 
cylinder into the 800-mL beaker. Ask students to deter- 
mine the volume and the uncertainty again. Emphasize 
the fact that the precision with which the fin al volume can 
be established is limited by the uncertainty in reading the 
level of the water in the 800-mL beaker (20 mL). The more 
precise values obtained for the volumes in the two gradua- 
ted cylinders (1 mL for the 250-mL cylinder and 0.02 mL 
for the 10-mL cylinder) are of little use in fixing the uncer- 
tainty of the total These various examples should estab- 
lish the rule for addition and subtraction; i.e., the fin al an- 
swer may contain no more decimals than are present in the 
number with the fewest decimals. 

Possible Extensions 

The rules for using significant figures during multiplica- 
tion or division also may be introduced with this simple 
demonstration. The rules for division can be illustrated by 
calculating the ratio of any two of the original volumes 
along with the uncertainty in this ratio (using either the 
percentage unc ert ain ties or the m arimum - minimiim pro- 
cedure). This calculation should fix the rule in students' 
minds the rule that the number of places in a quotient (or 
product) c an be no greater than that in the number with 
the fewest. 

Alternatively, the volume of water in the 250-mL cylin- 
der can be calculated from the diameter of the cylinder and 
the height of the water in it. If the precision of one of these 
measurements (e.g., the height) is varied while the other is 
kept constant, the number of significant figures that 
should be kept in the result can be compared. Finally, the 
volume deter min ed in thia manner (and its uncertainty) 
can be compared with the volume measured originally 
along with its uncertainty. 
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1. Sud«r. R. J. Chtm. Edur. 1989. 66. 437. 

2. Abel K. B.; Hemmeriin. W. M. J. CKtm. Educ. 1990. 57. 213. 



Volume 69 Number 4 April 1992 291 



9 Mater Sticks in the Demonstration of Error 
? Measurements 

■ Robert Suder 

u Aurin Science Academy at LBJ Httfi School 
r 7309 Lazy Creek Lane 

■ AJrtn. TX 78724 

f At the beginning of the school year, general chemistry 
j itudenta are taught that the number of significant figures 
\ B id the error involved in a measurement are dependent on 
\ the measurin g device. This can be demonstrated in several 
, ways. One method is to have the students measure the mass 
of an object using three different balances, a triple-beam, a 
centigram, and an analytical balance. These balances have 
r errors of ±0.1 g, ±0.01 g 9 and ±0.0001 g, respectively. This 
exercise not only familiarizes the students with the use of the 
f balances, but also demonstrates that there will always be an 
L error involved in every measurement. The use of a better 
| measuring device will reduce but not eliminate the error. In 
V eddition, the better the measuring device, the more signifi- 
f cant figures obtained. 

£ However, a more satisfactory method of showing the error 

[ ■ r involved in measurement is by us mg the three meter sticks 
I ihown in the figure. Meter stick a has all the numbers paint- 
od over so that only meters can be read. Meter sticks b and c 
its painted in such a way as to divide t hem into tenths 
> (decimeters) and hundretha (centimeters). I prepare the me- 
j^tor sticks by simply racking either a 1-cm or a l-dm mas k 
. md then spray with alternating black and white paint. 

I begin the demonstration by drawing two lines on the 
; blackboard about 5 cm long and 80 cm apart, and then have 
the students measure the distance between the lines usin g 
4 three meter sticks. Meter stick a permits only one signifi- 

^ cant figure, the tenths of a meter, which is the es timat ed 
t digit Then they repeat the measurement using meter stick 
I b. This permits two significant figures, in which case the 
tooths are exact and the hundretha are estimated. Finally, 
^ing meter stick c, the tenths and hundretha are measured 
^actly and the thousandths are estimated. This exercise 
jk*rly shows the students that the number of significant 
figures obtained in a measurement is only dependent on the 
Measuring device. To reinforce this concept, I draw two lines 
0n the blackboard about 8 cm apart, and I have the students 
*timate the distance in centimeters between them using 
m ®tor stick c. This will result in two-significant-figure accu- 
^ Then I have them convert their result to meters. For 



example, 8.3 cm => 0.083 m. Next I ask how many significant 
figures are in the value 0.083 m. Invariably they will answer 
three. I then point out that the number of significant figures 
cannot change because the measuring device has not 
changed. This allows me to explain the two uses of the zero; 
to locate the decimal place, in which it is not significant, or as 
a measured value, in which case it is significant. 

The meter sticks can also be used to illustrate the differ- 
ence between random and systematic errors. Again I draw 
two lines on the blackboard about 70 cm apart. Then I have 
the students estimate the distance using meter stick b. I 
write their estimations on the blackboard, compute the aver- 
age, and then measure the distance using meter stick c, 
which is assumed to be the correct value. I next show that the 
average value is very close to the correct value, and also that 
there are as many estimations above the correct value as 
below it. This is defined as random error, or error arising 
from deter min ing the estimated value of a measurement, 
and it cannot be eliminated. Finally, I use meter stick d, 
which has the left end cut short, to measure the distance- 
between the same lines. This results in measurements that 
are consistently too large. I explain this in terms of systemat- 
ic error, or error caused by a faulty procedure or measuring 
device. Systematic error can be eliminated by using one of 
the other meter sticks. 

The use of these four modified meter sticks has made it 
much easier for my students to grasp the concept of errors 
involved in measurements. 
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F<xr meter sticks prepared to show how precision of the measuring device 
affects significant figures and how random and systematic errors ocor. 
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More on the Question of Significant Figures 



Howard J.CIase 

Memorial University, St. John's, Nfld., Canada, A1 B 3X7 



Arden P. Zipp's watery practical demonstration of the- 
rationale behind the significant figure rules for calcula- 
tions (2) reminded me of a dryer method I have used, which 
be* generated favorable feedback from students in an in- 
troductory chemistry course. This method introduces a 
Ww digit into calculations, the “?*, pronounced “un- 
It is used to distinguish conventional zeros, which 
*ra merely place markers, from those that are true mea- 
or mathematically exact zeros. 

After discussing the difference between the exact num- 
o*ra of mathematics and the limited precision of measured 
rallies I suggest that we indicate any unknown digits with 
unknown s” instead of zeros. For example, using a 500-mL 
graduated beaker to measure a volume of water we might 
fctne up with 330 mL to the nearest 10 mL. This would be 
as 33? mL to indicate the nonsignificance of the 
place. 

k calculations the arithmetical rule for dealing with this 
is the same irrespective of the actual operation: 
?* re 9uit of addition to, subtraction from, multiplication 
** or division by ? is always ?. This point is readily 
j^P^d. Apart from this, the normal rules of Ari thm etic 
,p Ply- Here are a couple of examples: 



Edition: 



Answer: 



1.340?? 

0.0008? 

(LZfiSZLt 

2.126?‘> i.e., 2.126 



Mullplicatlon: 234?? 

242 * 

????? 

936?? 

468?? 

Answer 56??^ i.e., 5.6 x1c 6 

Note:. Where a sum involving a ? is clearly greater than 
10 I have carried the 10 in the addition. 

Since very few calculators have a “?* button, calculations 
involving the unknown digit have to be done the long way. 
You should find that this works with any long method of 
multiplication or division and gives the same result as the 
application of the significant figure rules. While the 
method could be developed further with bounding off" 
rules etc., I do not think there is much point; I am not pro- 
posing it for general use, but as a method for conveying to 
students with no knowledge of statistics an understanding 
of what is behind the significant figure rules used with cal- 
culators. Students who realize that the rules are not arbi- 
trary should find it easier to remember and apply them. 
Get your class to try one or two for themselves, and per- 
haps you, too, will have someone come up to you after the 
class and say, “Sir! That’s the first time I ever understood 
what significant figures are about." 
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Measuring with a Purpose 

Involving Students in the Learning Process 



Patricia A. Metz 

Texas Tech University, Lubbock, TX 79409 



Jeffrey R. Pribyl 

Chemistry and Geology Department, Mankato State University, Mankato, MN 56002 



Science relies heavily on observations, and many of those 
observations are quantitative in nature; therefore, it is im- 
portant for students to have a working knowledge of meas- 
urement. The first class periods of many beginning chem- 
istry courses, both high school and college, deal with this 
concept. Many teachers and textbooks (2-5) take a rule- 
based, algorithmic approach to the topic. As a result stu- 
dents sometimes develop a poor first impression of chemis- 
try from this boring, rote memorization lesson. We prefer 
to engage our students in a learning activity that leads 
them to understand the need for and application of rules in 
measurement (6—7). Such an approach is based upon the 
constructivist theory of learning (8) that states that knowl- 
edge is constructed in the mind of the learner, not trans- 
ferred intact from the instructor. This paper discusses a 
learning activity we have used effectively with our stu- 
dents to teach measurements and related introductory 
topics. 

Getting Started 

The activity centers on a metal brick or suitable substi- 
tute (any solid, rectangular object). As students arrive for 
class each one is called up to the front of the room, handed 
a ruler, and asked to measure the longest edge of the metal 
brick. The type of ruler. English or metric, does not matter 
as long as an assortment is used and several students use 
each ruler, in addition to a commercial yardstick and me- 
ter stick, use several homemade rulers. (We made three 
meter sticks and two yardsticks out of wood strips. Each 
was appropriately labeled “1 m” or “1 yard." One meter 
stick was divided into 10-cm units, another into 1-cm 
units, and the third had no divisions. One yardstick was 
divided into 1-in. units and the other had no divisions.) Re- 
cord all measurements and the type of ruler used on a 
sheet of paper. Once the class has assembled, explain what 
has been happening and write the students’ measure- 
ments on the board, e.g., 



20.4 


20.34 cm 


20 cm 


2/3 ft 


8 1/16 in. 


20.33 cm 


20.4 cm 


1/4 m 


0.25 yd 


8 1/32 in. 


20.35 cm 




23.5 




8 


203.5 mm 




0.2 m 




8.03 in. 




Ask the students to examine the data and comment. This 
particular set of data triggered comments about missing 
units, metric versus English measurements, the number of 
digits, and range of values. Use the students’ observations 
as the starting point for discussions of numbers versus 
measurements, the similarity of numbers for metric meas- 
urements (203.5 mm, 20.4 cm, 0.2 mi but not English 
measurements (8 Vi6 in., h ft, 0.25 yd), why the metric and 
not the English system is used in science, and precision of 
the ruler. 
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Significant Figures 

Precision is discussed last and is used to introduce sig- 
nificant figures. Because our concern with significant fig- 
ures is linked to measured values, we base our teaching of 
significant figures on actual measurements and not a 
given set of rules. 

Point out all the measurements made with the same 
ruler or scale, e.g., 



20.4 cm 
20.33 cm 
20.35 cm 
203.5 mm 



20.34 cm 
20.4 cm 



20 



i 

1 1 1 1 1 1 1 1 1 

i 



21 



20 



21 



Discuss (1) whether the measurements are possible with 
the scale used, (2) how to read a scale properly including 
one estimated figure, (3) the precision of the scale, and (4) 
which figures are certain in the number and which are un- 
certain. Tb avoid unnecessary confusion with this introduc- 
tory chemistry topic, we only use scales divided into units 
of 10 and never those divided into units of 2 or 5. 

When Zeros are Significant 
After students understand the concepts of measurement 
precision and significant figures, discuss when zeros are 
significant, but do this in the context of a measurement 
scale. When students have concrete examples of measured 
values that contain a zero, they are better able to grasp the 
idea of when zeros are significant (9). We use examples 
such as 




108.5 



108.0 



0 

i 1 i 
1 1 1 1 1 J 


i 

1 I t lI 


0 

a i 
1 1 1 1 1 1 


1 

1 1 1 1 1 1 



0 1 



A zero to the left of the decimal point or a trailing zero 
are always problems for students. Many textbooks tell stu- 
dents to write the number in scientific notation (2-5). This 
is a reasonable approach to the problem, but most students 
at this stage of their learning do not fully understand sci- 
entific notation. An alternative is to have students write 
the number as a fraction. For example 0.10 is written 



20 
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lO. joo and has two significant figures. One would not write 
OiQqoo because the leading zero has no meaning. Likewise 
V'joo i s incorrect because it indicated an amount one-tenth 
the actual size. 

Catcutations of Measured Values 

The next topic deals with calculations and significant fig- 
ures. Highlight all the correct metric measurements for 
the longest edge of the metal brick and ask the students to 
calculate the average length, e.g,, 



20.4 


20.34 cm 


20 cm 


2/3 ft 


8 1/16 in. 


20.33 cm 


20.4 cm 


1/4 m 


0.25 yd 


8 1/32 in. 


20.35 cm 




23.5 




8 


203.5 mm 




0.2 m 




8.03 in. 



This exercise can provide an opportunity to discuss a va- 
riety of points such as ( 1) why uncertainty must be taken 
into account in the calculation, (2) how to deal with more 
than one uncertain figure in the answer or rounding, (3) 
what the rule is for significant figures in addition and sub- 
traction problems, (4) how to choose the appropriate ruler 
(or scale) for a given task, (5) why and how to eliminate 
data entries that are out of line with the data set, and (6) 
why it is better to average with an odd number of data 
values than an even number. 

Next provide the class with the dimensions of the metal 
brick, e.g., 20.33 cm x 5.02 cm x 10.14 cm. Divide the class 
into three sections and ask each section to calculate the 
area of the largest, the medium-sized, or the smallest face 
of the brick. Invariably someone will ask which value is the 
I length, width, and height. Show the students the brick 
| again and allow them to resolve the dilemma themselves. 

| Record the answers on the board and ask students to com- 
ment. Again comments will vary. Some points for discus- 
sion might include proper units, inconsistent values, and 
| range of significant figures in the answers. This last item 
j is used to introduce significant figures in multiplication 
! and division calculations. 

The uncertainty in multiplication is addressed by calcu- 
lating the area longhand with each uncertain number 
highlighted ( 10 ), e.g., 



Based on uncertain figures in the calculation the area is 
102.1 cm 2 ; however, the accepted rule for significant fig- 
ures tells us to record it as 102 cm 2 . 

Area 

Although students have little difficulty calculating the 
area of a surface, they often do not understand what is 
meant by area. If you ask them, “What does 206.1 cm 2 
mean?” students will more than likely respond, “The prod- 
uct of the length times the width.” Pursue the issue further 
by asking, 

• What is the value of the number, not how it is calculated?” 

• What is a cm 2 ? 

• What does a cm 2 look like? (show a cutout of a square centi- 
meter) 

• How many of these squares (show' a handful of cutouts/ 
would it take to cover the largest face of this metal brick? 
(Show this idea by sticking the squares on the face starting 
in the upper left-hand comer.) 

Scientific Notation 

Next have the students calculate the volume of the brick, 
e.g., 

20.33 cm x 5.02 cm x 10.14 cm = 1034.854 cm 3 

Note this time that there are two uncertain figures to the 
left of the decimal ( 1030). This poses a problem. Introduce 
scientific notation as a means to resolve this uncertainty. 
The answer now becomes 1.03 x 10 3 cm 3 and the rule for 
significant figures in a multiplication problem is followed 
once again. 

Use this time to discuss the meaning of volume just as 
you did area earlier. Questions for discussion might in- 
clude 

• What does 1.03 x 10 3 cm 3 mean? 

• What is a cm 3 ? 

• What does a cm 3 look like? (sugar cubes are approximately a 
cm 3 ) 

• How many sugar cubes would it take to build a similar 
shaped bnck out of sugar cubes? 



20.33 cm 
10.14 cm 
81 32 
2 03 3 
203 30 

206.14 62 cm : — ► 206.1 cm 2 

Because the idea of only one uncertain figure per meas- 
urement was discussed earlier with the average length 
problem, students should recognize the correct answer is 
206.1 cm 2 . They also should recognize the fact that this 
process is long and tedious. Hence, the need arises for a 
i simpler means to determine the number of significant fig- 
ures in a multiplication problem. Now is the time to intro- 
duce the rule for determining significant figures in multi- 
plication and division calculations. It is important to 
explain that the accepted rule does not work every time. 
You can prove this to yourself by calculating the area of the 
medium-sized face by longhand. 




20.33 cm 
5.02 cm 

40 66 
101 65 0 
102.05 66 cm ? 



Density 

What metal is the brick? Provide the class with several 
choices e.g., iron, copper, mercury, gold, nickel, silver, and 
zinc. Discuss common properties of these metals and elimi- 
nate choices where possible, e.g., mercury is a liquid at 
room temperature, gold and silver are too expensive for in- 
structional devices, and the brick is not the color of copper 
or gold. Provide the mass in grams of one cubic centimeter 
of each possible metal and the mass of the brick. Give the 
mass of the brick in pounds and have students calculate its 
mass in grams per cm 3 . This provides the students with an 
opportunity to do an English-metric conversion. Use this 
problem to discuss the concept of density and the process 
of dimensional analysis. 

Summary 

The end result of this exercise is that an often boring, 
confusing, and highly rule-based lecture topic has been 
turned into a student-centered activity. The students have 
become active learners instead of passive listeners or spec- 
tators. The idea of measurement is now based on concrete 
examples and the students have constructed their knowl- 
edge of the subject. Furthermore, students have had the 
opportunity to ask and answer questions concerning meas- 
urement and have come, it is hoped, to a better under- 
standing of this important basis of scientific work. 
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Significant Figures 

Often beginning chemistry students have a hard time understanding significant figures. With calculators showing up 
to 10 digits students perpetually report too many significant figures. Presented is a very simple demonstrauon that can be 
used in class or lab to show how many significant figures to report when using addition or subtraction. 

The demonstration requires a 500-mL beaker with graduauons of 50 mL and a 100-mL graduated cylinder with 
graduations of 1.0 mL. Fill the beaker with about 270 mL water and the cylinder with about 65 mL. Have several students 
determine the volume of water in each as accurately as possible and write the answers of each on the board. The beaker can 
be read to within 10 mL and the cylinder to 0.1 mL. Have the class add up the two numbers on the board. A calculator may 
show the answer to be 337.3 mL. Obviously, this number is being reported more accurately than warranted. 

To show why that answer has too many significant figures, pour the water from the cylinder into the beaker. You will 
have just “added” the two numbers together. Now have the same students determine the new volume of water w the beaker 
as accurately as possible. The accuracy will only be within 10 mL, not 0.1 mL. 

. Kififton B. AM 
William M. Hammaciln 
Pacific Union Coltogo 
Angwin, CA 94508 
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A Simple Laboratory Experiment Using Popcorn To Illustrate 
Measurement Errors 

Doris R. Kimbrough 1 and Robert R. Megien 

Campus Box 194, P. 0. Box 173364, University of Colorado at Denver, Denver, CO 80217 



The concepts of accuracy and precision, uncertainty and 
significant figures are discussed in the first chapter of 
most general chemistry texts and recently were discussed 
in an article in this Journal (1). From their texts, students 
generaUy learn a “rule of thumb” method of determine the 
appropriate number of significant figures (2) for the nu- 
merical answer to a problem, but most students have lost 
the reasoning behind this method and focus only on the 
rule itself. Amore rigorous treatment of error analysis gen- 
erally is not introduced until analytical chemistry or physi- 
cal chemistry laboratory; however, a large majority of gen- 
eral chemistry students (biology majors, pre-med 
students) never reach these upper division chemistry 
courses and seldom see any practical application of signifi- 
cant figures. 

The use of significant figures rarely is treated any differ- 
ently in the laboratory portion of the course. Introductory 
science students have difficulty linking the lecture con- 
cepts of accuracy and precision with the physical measure- 
ments they make in the laboratory. Students are fami liar 
with the concept of experimental error because their re- 
sults often do not match the “expected” or “correct” values 
dictated by the lab manual or last years' results, but they 
do not recognize that error is inherent in any measure- 
ment. 

The following is an experiment used at the University of 
Colorado at Denver in the first-semester general chemis- 
try laboratory. Popping com is used to illustrate the scien- 
tific method (2, 4) and to illustrate measurement errors. 
The experiment focuses on the difference between accu- 
racy and precision and demonstrates the necessity for mul- 
tiple measurements of an experimental variable. It pro- 
vides the students an opportunity to understand better the 
concept of significant figures through practical experience, 
and it helps them to learn some elementary statistics. 

Experimental 

The students are provided with a description of the the- 
ory behind the experiment including a brief discussion of 
the nature of measurement errors and definitions of accu- 
racy, precision, random indeterminate, and determinate 
errors. Each student is directed to weigh (to 0.001 g) 10—15 
generic brand and a similar number of gourmet brand pop- 
corn kernels and to identify each so its weight after pop- 
ping can be compared with that before popping. Each ker- 
nel is popped by heating it in a 125-mL Erlenmeyer flask, 
using a pair of tongs to hold the flask over a Bunsen burner 
flame. The popped kernel is dumped quickly from the 
flask, reweighed, and the process is repeated until at least 
10 of the kernels have been popped successfully. (Note that 
for our purposes, “popped” means any kernel that has ex- 
ploded and released its water contents as steam, regard- 
less of its appearance.) 

Each student prepares a table comparing individual 
masses and their deviations to the average masses for each 
O brand, popped and unpopped. Each mass deviates slightly 
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from the calculated average, and the students compute 
that deviation (by subtracting the individual mass from 
the average) as well as the square of the deviation for each 
tabulated value. They calculate the standard deviation (a n 
and a„-i) for each set of 10 values. The students use the 
computed averages and standard deviations to draw con- 
clusions regarding the differences between popped and un- 
popped average masses, between generic and gourmet 
brand average masses, mass losses on popping, and any 
standard deviation differences between the brands. (Ad- 
vanced students are encouraged to test the statistical sig- 
nificance [t-test and F-test] between their generic and 
gourmet averages and the significance of their results rela- 
tive to the pooled results of the whole class.) 

Materials 

• Two brands of unpopped popcorn 'generic and gourmet 
brands) 

• 100-125 mL Erlenmeyer flask 

• Bunsen burner 

• burner striker 

• burner wire gauze 

• chemical tongs 

• Caution : Normal laboratory safety procedures should be 
followed including wearing safety goggles and cautions 
regarding the use of open flames in the Laboratory. In 
addition, the students are instructed NOT to eat the popcorn 
at any time during or after the experiment. 

Results 

A typical student data sheet, containing only the results 
for the generic brand popcorn, is shown in Table 1. The 
students complete a similar table for the gourmet brand 
popcorn. While we do not require general chemistry stu- 
dents to perform the statistical tests for significance of dif- 
ferences, it is interesting to note that the typical student 
result shows that the average popped and unpopped 
masses are significantly different for both popcorn brands. 
However, the large variances for only 10 observations does 
not permit one to conclude that the differences between 
the brands is statistically significant. The importance of 
making many measurements to improve the strength of 
inferences can be made by examining the pooled results 
from an entire class of 27 students (Table 2). These results 
( N = 270) show that the popped and unpopped masses dif- 
fer for both brands and are statistically significant (99.9%) 
and that the gourmet brand kernels have statistically sig- 
nificant (99.9%) smaller masses than the generic brand 
(both popped and unpopped masses). This result may be 
presented to the students in a follow-up to the experiment 
when results are discussed and interpreted. 

Discussion 

Most general chemistry texts provide a section on meas- 
urement errors that includes formulas for computing the 
standard deviation. In addition, most student calculators 
contain the statistical functions necessary for computing 
means and standard deviations. However, in this experi- 
ment we provide our students with sample calculations 
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Table 1. Student Data Sheet for Unpopped and Popped 
Generic Brand Popcorn 



Unpopped 
Mass (g) 


Dev. from 
Ave. (g) 


Squared 
Dev. (g ) 2 


Pop-ped 
Mass (g) 


Dev. from 
Ave. (g) 


Squared 
Dev. (g)2 


Loss on 
Popping 
(9) 


0.122 


0.0308 


0.00094864 


0.113 


0.0243 


0.00059049 


0.009 


0.186 


0.0332 


0.00110224 


0.168 


0.0307 


0.00094249 


0.018 


0.139 


0.0138 


0.00019044 


0.124 


0.0133 


0.00017689 


0.015 


0.142 


0.0108 


0.00011664 


0.117 


0.0203 


0.00041209 


0.025 


0.181 


0.0282 


0.00079524 


0.163 


0.0257 


0.00066049 


0.018 


0.089 


0.0638 


0.00407044 


0.081 


0.0563 


0.00316969 


0.008 


0.182 


0.0292 


0.00085264 


0.166 


0.0287 


0.00082369 


0.016 


0.199 


0.0462 


0.00213444 


0.183 


0.0457 


6.00208849 


0.016 


0.147 


0.0058 


0.00003364 


0.132 


0.0053 


0.00002809 


0.015 


0.141 


0.0118 


0.00013924 


0.126 


0.0113 


0.00012769 


0.015 


Average 0.1528 




0.00103836 


0.1373 




0.00090201 


0.0155 


Standard Deviation (n = 


10 ) 


0.032 




0.030 






Exptl. Std. Dev., (df = n* 


-1=9) 


0.034 




0.032 







Table 2. Pooled Results from 27 Student Experiments Statistical Comparisons 
Among Means (Total Number of Observations 270) 



Comparison of popped and unpopped means for both brands 




Mean in 
(9) 


Std. Dev. 
(9) 


Std. Error Difference 
(g) Mean.(g) 


Std. Dev. 
(9) 


t-Value df 
_ 259 Probability 


Gourmet unpop 


0.1358 


0.018 


0.001 


0.0157 


.010 


26.43 


0.000 


Gourmet popped 


0.1201 


0.019 


0.001 










Genenc unpop 


0.1454 


0.032 


0.002 


0.0164 


.009 


30.20 


0.000 


Generic popped 


0.1290 


0.030 


0.002 











Comparison of between brands (popped and unpopped) 



Gourmet unpop 


0.1358 


0.018 


0.001 


-0.0096 


.036 


-4.43 


0.000 


Generic unpop 


0.1454 


0.032 


0.002 










Gourmet popped 


0.1201 


0.019 


0.001 


-0.0089 


0.35 


—4.21 


0.000 


Generic popped 


0.1290 


0.030 


0.002 











'Probability that a difference of this magnitude couid be due to sheer chance. 



viation, c„_i, is discussed in the 
handout with regard to the fact that 
only 10 data points are taken in this 
experiment. 

In addition, for lab experiments co- 
ordinated with computer training, 
students can enter their data into a 
spreadsheet program to prepare the 
tables, perform the calculations, and 
pool the results with other students 
in the laboratory. The graphical func- 
tions that accompany most spread- 
sheet programs will permit each stu- 
dent to prepare a plot of the 
frequency distributions associated 
with multiple measurements. The 
data from the entire laboratory sec- 
tion can be compiled, and the stu- 
dents can compare the variance ob- 
tained from 10 measurements to the 
much smaller variance obtained 
from 250 to 300 measurements. 

Conclusions 

We believe that this experiment is 
a versatile exercise, because it can be 
performed at several different levels 
of experimental and computational 
sophistication. In addition, the ex- 
periment provides a method to intro- 
duce the concept of investigator col- 
laboration by allowing several stu- 
dents to pool their results (particu- 
larly using the spreadsheet option 
outlined above) and to observe how 
experimental confidence levels may 
be improved through replication and 
increased numbers of observations. 
This also is a convenient introduc- 
tory experiment from a practical 
standpoint. It requires that the stu- 
dents use only a balance and a Bun- 
sen burner. They gain experience in 
recording data in tabular form along 
with an early introduction to experi- 
mental uncertainty and error analy- 
sis. After performing this experi- 
ment, the students make an 
inference from a measured quantity 
(kernel weight) and an observed phe- 
nomenon (kernel popping). Students 
also develop some understanding of 
the application of science to check 
the validity of commercial claims. 



and ask them to perform a more laborious detailed compu- 
tation for at least one data set to focus their attention on 
how individual deviations contribute to the concept of the 
standard deviation. The difference between standard de- 
viation, c n . and the experimental or sample standard de- 
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Error, Precision, and Uncertainty 

Charles J. Guare 
AOP Office 
Union Collage 
Schenectady, NY 12308 

This paper was prepared in response to requests from 
several chemistry instructors for information following my 
letter, ‘Duplicating the Confusion/* in Chemical & Engi- 
neering News , January 22, 1990. Its objective is to provide 
answers to questions that frequently arise about experimen- 
tal error, precision, and uncertainty in introductory chemis- 
try courses, and to keep the answers consistent with accept- 
ed definitions. 

In the literature and textbooks the arithmetic of science 
and engineering is rarely presented as a neat* self-consistent 
package. One may read that precision is a measure of error 
(1, 2) or that error and uncertainty are the same thing (3). 
Authors may state that significant digits are related to error 
but that a number with more significant digits to the right of 
the decimal point is a more precise number (not necessarily a 
more correct number), thereby showing that significant dig- 
its are related to precision and not to error. The student may 
be told that “error propagation** is conducted according to 
one rule for addition and subtraction, a different rule for 
multiplication and division, still another for logarithms, and 
more rules for other functions. Strangely, a student may find 
that the definitions and rules for doing the arithmetic need- 
ed to handle the experimental data generated in a laboratory 
course may not be the same in the laboratory text and in the 
recitation text. 

If students in introductory engineering and science 
courses are confused about the ari thm etic procedures for 
handling their data and results, there is adequate reason. 

Definitions 

Following are the definitions on which this paper is based. 

Accuracy: a measure of the closeness of an experimental value to 
the true value (4, p 612). 

Error: a measure of the departure of an experimental value from 
the true value (5, 6, pp 15-16). 

Precision: a measure of the reproducibility of a set of results from 
replicate runs. “It (precision) does not matter how close the aver- 
se of these runs is to the true value; thus, precision and accuracy 
are defined independently of each other” (4, p 612). 

Significant digits: in a number, all the digits that are certain plus 
the first uncertain digit All digits to the right of the first uncer- 
tain digit are dropped; e.g., 12.0 ±1.0 is no more informative than 
. 12 ±1(4, p 609; 6, p 22). 

Uncertain digit: any digit that can vary by at least plus or minus 1 
«. P 609; 6, p 22; 7. p 7). 
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Uncertainty: the range a data value may have because of the need 
to estimate (interpolate) the last digit being read from an instru- 
ment scale; the range a calculated result may have because of the 
uncertainty in the data or results from which it is calculated. Thus 
7.82 ±0.02 has an uncertainty of 2 in the hundredths position. 
Hundredths is the first uncertain digit 

We may distinguish among error, precision, and uncer- 
tainty as shown in Figure 1. The abscissa values A and D 
represent two individual measurements of some quantity, B 
is the mean of a large number of measurements of the same 
quantity, and C is the true value of the quantity. The uncer- 
tainty in A and D is shown by the band about each, assigned 
by the experimenter at the time of reading the measured 
value. A - C and C — D are the errors for A and D. The 
precision for the two measurements, taken as the average 
absolute deviation from the mean of A and D, is (A - D)/2. B 
- C is the bias. B will be unknown to any experimenter who 
has made only a few measurements and C may be unknown 
to everyone. 

Students 1 Questions 

Are Uncertainty and Precision the Same? 

No. Uncertainty in data is estimated by the experimenter 
at the time of taking a reading and is influenced by, among 
other things, the closeness and coarseness of the graduation 
marks on the instrument scale, the visual acuity of the ob- 
server, and the fluctuation of the instrument pointer posi- 



A BCD 




Figure 1. Distinction among error, precision, and incertainty. The abscissa 
values are: A and O 3 two individual measured values and their bands of 
uncertainty; 3 = the mean of a large number of measurement s : C = the true 
value. The errors in the two measured values are given by the distances A — C 
and C - D. The precision of the two measurements, using the average 
absolute deviation from the mean, is 0.5 (D minus *). 9 — C Is the bias. 
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tion because of mechanical or electronic instability in the 

^Precision, on the other hand, is represented by a calculat- 
ed index such as the average absolute deviation from the 
mean or by the standard deviation for a series of measure- 
ments. Nevertheless, uncertainty hints at precision. A num- 
ber like 27.83 ±0.01, with four significant digits and uncer- 
tain at hundredths, is not as precisely expressed as the same 
number read from a better instrument and expressed as 
27 834 ± 0.001, with five significant digits and uncertain at 
thousandths. This is so whether 27.834 is the true value or 
not. Significant digits are controlled by uncertainty and are 

related to precision, not to error. , .. 

The uncertainty, ±0.01, does not imply that aduphcate 
measurement is expected to fall within the range 27.82-27.84 
nor that 27.83 lies within 0.01 units of the true value. Uncer- 
tainty is not a direct estimate of precision or error. It is an 
estimate of how well the number could be read when it was 

read. 



rnnfnain^ uncertainty with error and leading to the dUeim^ 
above with Xbai being 95 or 105 and dx = 1- 
Confusion of error with uncertainty is frequently present 
in texts, and the student is taught “rules for propagation of 
error” when what is being propagated is uncertainties that 
have nothing to do with error. 



How Does Uncertainty Differ from Error? 

Consider the case of a student using a 100-mL graduated 

cylinder that has a manufacturer’s tolerance of 3%. 

The student fills the cylinder to about the 90-mL mark 
and estimates the meniscus to be at 90.5 ±0.5 mL. This ±0.5 
ml. is often recorded as the estimated error in the reading, 
and if this volume is added to another, say 40.5 ±0.5 mL, 
assuming no change in volume on mixing, the estimated 
maximum possible error in the total volume of 131 mL is 

declared to be 0.5 + 0.5 or 1 mL. 

This approach is obviously incorrect. There is no reason to 
assume that, because the meniscus position can be read to 
±0.5 mL, then the graduation marks on the cylinder must 
also lie within dt0.5 mL of the true position. 

The student is estimating that, under the conditions pre- 
vailing at the time of the measurement, the meniscus was 
between the 90- and 91-mL marks regardless of how correct 
those marks are. The student is neither estimating how well 
he or she can duplicate pouring 90 mL of liquid (experimen- 
tal precision) nor how far the volume is from being correct 
(experimental error). 

The mp Timnm possible error in the readings comes from 
the manufacturer’s data. If the tolerance on the glassware is 
3% the maximum possible errors are 0.03 X 90.5 * 2.7 mL, 
0.03 X 40.5 = 1.2 mL, and, for the total, 2.7 + 1.2 * 3.9 mL. 

There is another reason why the band of uncertainty 
about an individual value cannot be considered error. If we 
make two measurements of some quantity, experience shows 
that the two measurements might well not be identical, and 
there will be an uncertainty associated with each. If the first 
one is 105 with an uncertainty of ±1 and the uncertainty is 
taken to be error, we conclude that 105 lies within one unit of 
being true. If the second one is 95 ±1 and the ±1 is again 
considered error, we are faced with the dile m ma of c lai m i ng 
both 95 and 105 are within one unit of the same true value. 
We may reasonably say that each number, true or not, lies 
within one unit of the values read from the instrument, but 
we may not reasonably say that two numbers that differ by 
10 both lie within one unit of the same true value. 

This argument agrees with the definitions of accuracy, 
error, and uncertainty in definitions above and with Barford 
(6, p 16) who writes: 



error * x - X 

where x * the measured value 
X * the true value 



but it conflicts with J. R. Taylor (3, p 15) who says: 
measured value of x ■ Xbai ± dx 

where 

O *oe*\ = best estimate for x, 

£ dx * uncertainty or error in the measurement 



What Is Needed To Be Able To Assess Error? 



Barford (6), J. R- Taylor (3), J. K. Taylor (8), and Marion 
and DavidBon (9) all agree that a legitimate statement about 
error can be made only after any combination of experiment- 
er-equipment-procedure has been thoroughly checked out, 
comparisons with standards have been made, and a larg* 
number of measurements have been completed. Even then, 
some authors contend it is never possible to know the true 
value of a measured quantity. That is, if a large number of 
measurements have produced a well-defined distribution 
curve with a good estimate of the mean, taking the mean to j 
be the true value still involves an assumption. j 

■J. K. Taylor (8, p 7) says, “In a stable measurement pro. ! 
cess, a large number of individual values will tend to con- j 
verge toward a limiting mean, which may or may not be the i 
true value.” Marion and Davidson (9, p 18) say, “When we 
measure some physical quantity, we do not know (nor can we ■ 
know) the true value of the quantity. Therefore, we can ; 
never know the error in the result. 

This last seems overly severe. If several experimenters 
using different equipment and different procedures careful- 
ly measure a quantity numerous times to define the data 
d istribution curve in each case, and if the distribution curves 
all have the same mean, we probably do have the true value. 
This may not happen very often, but we may certainly be 
adequately accurate for practical purposes as shown by the 
economic viability of the che mi c a l industry mid the routine 
dispensing of desired doses of numerous medications. Nev- 
ertheless, getting to a position in which one can prmndea 
le gitimat e error estimate takes much effort and time. That is 
why we have referee laboratories and why universal con- 
stants change over the years. 

J K Taylor (8, Chapters 9 and 10) provides a quality 
control expert’s view of the extensive work necessary to 
assess errors. His discussion is strongly supported by Rubin- 
son (10, Chapter 4) who uses the results of two chemical 
analyses to show the kinds of difficulties that can arise and 
produce incorrect data. This material clearly confirms that 
an error estimate is not something the experimenter pops up 
with each time he or she takes a reading, and our students 
should not be misled into thinking they are estimating error 
every tim e they assign an uncertainty. 



Why Not Eliminate Error by Calibrating? 

Calibration is a big step in the right direction, but it does 
not guarantee identification of the true value for any pem 
on a calibration curve, and it is highly unlikely that ah points 
on a calibration curve represent true values. J. K. Taylone, 
p 103, p 106) says, “Ideally, the calibration process is under- 
taken to e limin ate deviations in the accuracy of measure 
ments or instruments. However, this cannot be glibly assu- 
med," and, “Thus, biased measurement data can resui 
when using unbiased methodology because of calibration 
bifts ” 

In a manner of speaking, the manufacturer’s information 
used to es tima te the mn-rimum possible error in the padua • 
ed cylinder example above provides some calibration. 1 n 
manufacturer has done extensive quality control work an 
knows that his or her graduated cylinders will measure * 
volume that is within 3% of being correct. We can think oi 
calibration curve, really a calibration “band", that has 
width of ±3% and relates the actual readings to the range ° 
“true” values possible. Much instrumentation will do bene 
than the 3% figure, but it is still unlikely that calibration wui 
produce exact corrections to each scale value. The “calibr 
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| yon curve” always turns out to be a “calibration band” (8, 

I Chap ter 1®)* 

To illustrate, take a case in which a point on an instrument 
^j e is being calibrated against a standard that has a value 
1 *^00. If the experimenter makes numerous measurements 
the standard, his or her readings will cover a range of 
Jglues- Assume they are normally distributed with no bias 

‘ orcsent. . 

** If we plot the experimental data in three dimensions such 
rne x axis represents the standard values, the y-axis 
presents the values read from the calibration experiment, 
Jd the 2 axis represents the relative number of times each 
tf perimental value was observed above the value of 100 on 
x axis, we get a little normal distribution curve in the y-z 
plane. If there is no bias, the mean on the y axis is 100, and 
die standard deviation has some value, s. In practice, this 
distribution curve would exist but would probably be un- 
sown because few people do all the work necessary to de- 
fine it. ..... , 

If we have not defined this distribution curve but we 
proceed to make a calibration measurement, what is the 
probauility that the measurement will fall within the range 
0 f the mean ±ls? The probability is about 0.68 because 
about 68% of all data in a normal distribution curve fall 
within that range (12, p 382-383). If we calibrate at five 
points, the probability that all five will lie within one stan- 
dard deviation of the true value is 0.68 raised to the fifth 
power, or about 15%. It is very difficult to eliminate all error 
by calibration even taking as “correct” anything within a 
calibration band as wide as ±ls. 



Why toes Averaging Improve Accuracy ? 

Averaging always improves precision; it may or may not 
i improve accuracy. 

Previous discussion shows it is difficult to get the true 
value in experimental measurements, so it is probable that 
experimental data and results have a bias of some magni- 
tude. In these cases, the mean of even a well-defined distri- 
bution curve is not the true value. This is the reason that 
precision, as measured by average absolution deviation from 
the mean or by standard deviation, is not generally a mea- 
sure of error. These indexes of precision measure the devi- 
ation of the replicated data from the mean of that data, not 
necessarily from the true value. 

Let us start out with a distribution curve that results from 
a large number of individual measurements and has a stan- 
dard deviation of s. Suppose we now start making measure- 
ments by r unnin g quadruplicates and averaging the four. It 
turns out an average of four comes from a new distribution 
curve that has the same mean as the original, but its stan- 
dard deviation, $(4), is only half the value of s. s(4) is called 
the standard deviation of the mean. In general, s(n) is s/n l/2 
($(n) » s/n l/2 ) (22, p 39). 

Because this act of averaging has created a value taken 
from a new distribution curve of smaller standard deviation, 
the new curve represents a more precise distribution that is 
contracted about the mean of the old curve. But if the mean 
is not the true value because of a bias, an average of four is 
not more likely to be the true value; it is just more likely to be 
the biased mean. The result is an increase in precision but 
not in accuracy. 

This conclusion depends upon how large the bias is. If it is 
very small relative to the standard deviation, initial im- 
provement in precision will improve the probability of get- 
ting a correct measurement; but if precision continues to 
* improve, the chance that a measurement will hit the true 
v alue always decreases. If the bias is as large as one standard 
deviation, any decrease in the standard deviation immedi- 
a tely reduces the probability that a measurement will pro- 
duce the true value. This is shown in Figure 2, wherein the 
u Pper curve represents the frequency distribution of n indi- 




Figura 2. Effects of averaging on precision and accuracy. The upper curve 
represents the frequency distribution of n measured values of some quantity. 
The lower, more precise curve represents the frequency distribution of ni 4 
averages of quadruplicates. The center vertical line is the mean of either 
distribution. The true value Is the right vertical Una. Note the low chance of 
getting the true value with a measurement from the more precise case. 



vidual measurements and the lower curve represents the 
‘more precise distribution of n/4 averages of four measure- 
ments. The center vertical line is the mean of either distribu- 
tion, and the right vertical line is the true value. Note the 
reduced chance of getting the true value in the more precise 
case. The same reasoning holds for better precision achieved 
in other ways, such as by more precise equipment but still 
with a biased procedure or calibration. 

The belief that averaging always improves accuracy or 
that better precision means better accuracy clearly is not 
correct. 

Do I Have To Learn a New Rule for Error Propagation for 
Each Arithmetic Operation? 

In introductory laboratory courses, the student usually 
makes only two or three measurements, often uses uncali- 
brated equipment and unfamiliar procedures, and has no 
idea what the true value is. Under these conditions, it is not 
possible to estimate error. You are estimating and propagat- 
ing uncertainty, not error. 

You do not have to learn a separate rule for propagating 
uncertainty for each arithmetic operation. There is a simple, 
straightforward concept for handling uncertainties and sig- 
nificant digits in calculations. It eliminates the need to learn 
a variety of rules. It consists of taking the numbers to mean 
what they say and calculating the maximum, best estimate, 
and the minimum values possible. The uncertainty and sig- 
nificant digits in the answer then fall out naturally. Ele- 
ments of the procedure may be found in Marion and David- 
son (9, p 23) and in Petrucci (7, p 9). 



Example 1. What is the sum of 17.2 ± 0.2 and 12.5 ± 0.1? 



MAXIMUM SUM 


- 17.4 


+ 


12.6 


3 30.0 


BEST ESTIMATE SUM 


- 17.2 


+ 


12.5 


= 29.7 


MINIMUM SUM 


» 17.0 


+ 


12.4 


= 29.4 


UNCERTAINTY IN SUM 


=» (30.C 


>- 


- 29.41/2 = 0. 


SUM 


« 29.7 


± 


0.3 





Example 2. What is the difference between the two numbers of 
Example 1? 

MAXIMUM DIFFERENCE - 17.4 - 12.4 «* 5.0 

BEST ESTIMATE DIFFERENCE =■ 17.2 - 12.5 = 4.7 
MINIMUM DIFFERENCE - 17.0 - 12.6 « 4.4 

UNCERTAINTY IN DIFFERENCE ■ (5.0 - 4.41/2 « 0.3 
DIFFERENCE ■ 4.7 ± 0.3 



Example 3. If A =■ 1.19 ± 0.01 and B - 0.2S6 ± 0.002. what is their 
product? (For multiplication and division, keep the answer one digit 
longer than the longest factor.) 

MAXIMUM PRODUCT - 1.20 X 0.288 - 0.3456 

BEST ESTIMATE PRODUCT = 1.19 X 0.286 « 0.3403 
MINIMUM PRODUCT = 1.18 X 0.284 - 0.3351 

UNCERTAINTY IN PRODUCT = (0.3456 - 0.3351 )/2 - 0.00525 

PRODUCT RCQT rnDV a me 
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Example 4. What is the quotient of A/B from Example 3? 
MAXIMUM QUOTIENT - 1.20/0.284 - 4.225 

BEST ESTIMATE QUOTIENT - 1.19/0.286 - 4.160 
MINIMUM QUOTIENT » 1.18/0.288 - 4.097 

UNCERTAINTY IN QUOTIENT - (4.225 - 4.097)/2 - 0.064 
QUOTIENT - 4 . 16 ± 0.06 

Example 5. What is the log of 86 ± 6? 

MAXIMUM LOG -log 92 -1.963 

BEST ESTIMATE LOG -log 86 - 1.934 
MINIMUM LOG - log 80 - 1.903 

UNCERTAINTY IN LOG - (1.963 - 1.9031/2 - 0.030 
LOG - 1.93 ± 0.03 

Example 6. What is the sine of 30 ± 2 degrees? 

MAXIMUM SINE - sin 32 - 0.5299 

BEST ESTIMATE SINE - sin 30 - 0.6000 
MINIMUM SINE - sin 28 - 0.4694 

UNCERTAINTY IN SINE - (0.5299 - 0.46941/2 - 0.03025 
SINE - 0.60 ± 0.03 



This procedure works for all cases above and can be ex- - 
tended to numbers raised to a power and others. Separate 
rules for each case are not needed. j . 
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